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13  ABSTRACT 


The  eyes  of  38  anesthetized  rhesus  monkeys  were  exposed  to  near 
infrared  laser  radiation  from  a  repetitive  pulse  gallium  arsenide 
laser.  Pulse  repetition  freauencies  of  40  pps  and  1,000  pps  were 
utilized  with  a  20  nsec,  pulse  width  at  the  wavelength  of  905  nm. 
Lesions  for  threshold  determination  were  placed  in  the  temporal  para¬ 
macular  area  and  could  be  produced  only  by  varying  exposure  duration  j 
with  fixed  energy  output.  Therefore,  the  resultant  50%  probability  of 
damage  values  (ED-50)  wore  expressed  as  total  exposure  duration 
rather  than  energy  per  pulse.  The  ED-50  value  of  0.72  sec.  for  the 
1,000  pps  exposure  is  significantly  lower  than  the  22.3  sec.  for  the 
40  pps  exposure  and  demonstrates  a  cumulative  effect. 
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RETINAL  EFFECTS  OF  MULTIPLE  PULSF  GALLIUM  ARSENIDE  LASER 


I .  TNT  vODUCTION 

Rccinal  d&mage  \ '  .  esV^o  from  lasers  have  been  deter- 
minc-d  for  several  diffeir  ^  wavelengths  of  the  more  commonly 

lasers.  These  thresholds  have  been  ascertained  for  times 
ranging  from  nanoseconds  to  seconds  by  use  of  the  appropriate 
type  of  laser — single  pulse  or  continuous  wave.  Work  has  only 
recently  begun  on  the  effects  of  multiple  pulse  lasers  (1,  2, 

3).  It  has  been  postulated  by  Gibson  (4)  that  cumulative 
effects  v/ill  occur  as  a  function  of  the  rate  of  deposition  of 
energy  as  determined  by  the  pulse  repetition  frequency  (PRF) . 
Because  of  the  rapidly  growing  inventory  of  multiple  pulse 
lasers  in  the  Air  Force,  the  acquisition  of  such  data  is  im¬ 
perative  for  permissible  exposure  levels  (PEL)  determination 
(5,  6). 

Threshold  determinations  for  multiple  pulse  gallium 
arsenide  (GaAs)  lasers  have  presented  greater  problems  than 
have  other  multiple  pulse  lasers  in  that  even  single  pulse 
determinations  in  the  0.85  to  0.9  ym.  wavelength  range  have 
been  difficult.  This  difficulty  has  been  due  to  relatively 
low  power,  wide-beam  divergence,  and  multiple-array  sources, 
as  well  as  the  lack  of  other  lasers  at  0.85  tc  0.9  ym.  wave¬ 
lengths  for  comparison.  Studies  on  the  GaAs  laser  cane  resulted 
in  no  retinal  effect  being  observed  (7-11) .  The  ot:ly  known 
previous  case  of  retinal  burns  from  a  GaAs  laser  s  reported 
at  Frankford  Arsenal  (Phila.,  Pa.).  There,  researchers  used 
a  single-diode  GaAs  laser,  cooled  to  77°  K.  (thus  shifting  the 
wavelength  from  0.9  to  0.85  ym.),  with  a  PRF  of  120,000  ops, 

500  nanosecond  (nsec.)  pulse  length  and  an  exposure  duration 
of  1  sec.  They  determined  a  50%  probability  (ED-50)  of  60  mw. 
for  retinal  damage  (12).  Although  this  data  point  is  important, 
it  has  little  applicability  to  most  Air  Force  GaAs  systems; 
for  they  have  quite  different  operating  characteristics. 

The  experimental  work  being  reported  here  was  performed 
on  an  operational  multiple  pulse  GaAs  laser  for  which  a  Safe 
Eye  Exposure  Distance  (SEED)  was  required  prior  to  range 
testing.  Rhesus  monkeys  (Macaca  mulatta)  were  exposed. 

II.  METHODS 

Retinal  damage  thresholds  were  determined  on  the  eyes  of 
anesthetized  primates.  The  gallium  arsenide  laser  used  to 
make  these  exposures  had  the  following  specifications: 
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peak  power  =  5.5  kw. 

pulse  width  =  30  nsec,  at  the  half -power  point 
two  PRF  settings  =  40  pps  and  1,000  pps 
wavelength  =  905  nm. 
beam  divergence  -  1.5° 
output  aperture  =  2”  x  2" 

The  laser  was  actually  an  array  consisting  of  16  subarrays,  in 
which  each  subariav  had  10  elements  (or  chips) ,  and  each  element 
had  2  diodes  in  parallel.  Thus,  optimally,  a  total  of  320 
diodes  were  simultaneously  lasing  ir»  the  total  array.  A  front 
view  of  the  laser  shows  the  array  with  the  16  subarrays  (fig.  1). 
This  laser  was  developed  for  the  Air  Force  by  IBM  (Gaithersburg, 
Md . ) . 


FIGURE  1 

Front  view  of  gali’um  arsenide  laser.  (Note:  Reflections 
from  photoflash  can  be  seen  on  the  array. 

The  laser  was  not  operating.) 
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The  exposure  configuration  is  shown  in  figure  2.  The  diverging 
laser  beam  was  apertured  by  the  5ris  diaphragm  of  the  Compur 
electronic  shutter  (Burke  and  James,  Inc. ,  Chicago,  Ill.)  to 
provide  a  full  pupil  (7  mm.)  beam  diameter  at  the  corneal  plane 
of  the  primate's  eye.  The  shutter  controlled  the  exposure 
duration.  A  pellicle  beam-splitter  served  the  dual  purpose  of 
introducing  a  Helium-Neon  (HeNe)  alignment  gas  laser  (Spectra 
Physics,  Mountain  View,  Calif.)  coaxial  to  the  GaAs  laser  beam 
and  of  splitting  off  a  portion  of  the  beam  for  monitoring  pur¬ 
poses.  An  SGD-100  silicon  photodiode  (Edgerton,  Germeshausen 
&  Grier,  Inc.,  Salem,  Mass.)  was  used  to  monitor  the  GaAs  beam. 
The  output  from  the  photodiode  was  fed  into  a  Systron-Donner 
7034  (Concord,  Calif.)  counter-timer  to  record  the  umber  of 
pulses  per  exposure  and  into  a  Tektronix  5*9  oscilloscope 
(Beat/erton,  Ore.)  to  display  the  pulse  amplitude.  These  data 
were  periodically  cross-calibrated  with  an  Fppley  thermopile 
(Eppley  Lab.,  Newport,  R.I.)  placed  at  the  plane  of  the  primate's 
eye.  The  calibration  conversions  are  shown  in  table  I. 


TABLE  I 

Calibration  values  for  output  from  photodiode 


Experimental  conversions 

PRF  settings 

40  1,000 

(pps) 

Thermopile  reading  (uv) 

1.8 

22.0 

X  Calibration  factor  (vw/yv) 

14.0 

14.0 

=  Total  power  (uw) 

25.2 

308.0 

or  Enerqv/Second  (uj/sec.) 

25.2 

308.0 

i  Measured  PRF  (pps) 

40.0 

972.0 

=  Energv/Pulse  (uj/p) 

0.63 

0.3169 

i  Scope  sensitivity  (v/p) 

12.0 

6.0 

=  Scope  calibration  factor  (uj/v) 

0.0525 

0.0528 
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A  mirror  mounted  on  the  objective  tube  of  a  Zeiss 
fundus  camera  (Carl  Zeiss,  Inc.,  Oberkochen,  W.  Germany) 
directed  the  beam  into  the  eye  of  the  subject  primate.  The 
fundus  camera  was  used  for  location  of  exposure  sites  and 
for  postexposure  observations  and  photography.  The  monkey 
was  positioned  on  an  adjustable  animal  mount  and  was 
covered  with  a  heating  pad  so  that  body  core  temperature 
was  controlled. 

In  preparation  for  exposure,  each  animal  was  tranquil- 
ized  with  phencyclidine  hydrochloride  (Sernylan) .  The 
desired  level  of  anesthetization  was  achieved  and  maintained 
by  administration  of  sodium  pentobarbital  (Nembutal)  through 
an  intracatheter.  Retrobulbar  injections  of  lidocaine 
hydrochloride  (Xylocaine)  were  given  to  control  eye  move¬ 
ment.  Pupil  dilation  was  achieved  by  topical  application 
of  tropicamide  (Mydriacyl).  Each  eye  was  examined  ophthal- 
moscopically  to  insure  a  clear  retinal  area  for  exposure. 
Retinoscopy  was  also  performed  on  each  eye  to  determine 
refractive  status.  None  of  the  eyes  used  in  this  study  ex¬ 
ceeded  0.5  diopter  of  refractive  error  in  any  meridian. 

A  suture  was  placed  in  each  upper  eyelid  to  keep  it  open 
during  exposure.  Corneal  contact  lenses  were  inserted  in 
each  eye  to  prevent  desiccation  and  thus  preserve  corneal 
integrity. 

The  usual  experimental  procedure  is  to  hold  time  con¬ 
stant  and  vary  the  energy  for  a  ser^s  of  exposures.  A 
few  preliminary  exposures  revealed  that  this  procedure  could 
not  be  utilized  in  our  study.  Because  retinal  burns  could 
be  produced  only  at  the  maximum  energy  setting,  the  variable 
had  to  be  time,  and  this  could  be  determined  either  by 
total  open-time  of  shutter  or  by  number  of  pulses  per  expo¬ 
sure. 


In  addition,  it  was  determined  that  all  diodes  were 
not  operating  consistently  (fig.  3) ,  and  hence  a  uniform 
beam  pattern  was  not  expected.  A  photograph,  taken  with 
infrared  film  of  the  resultant  beam  pattern  on  a  piece 
of  cardboard  at  1  m.  from  the  laser  (fig.  4),  reveals 
that  the  beam  overlap  provides  a  uniform  pattern  over  a 
sufficiently  large  area  to  be  included  in  the  aperture 
used. 
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FIGURE  3 


Infrared  photograph  of  GaAs  laser  array  while 
in  operation.  (Note:  Hot  spots) 


Infrared  photograph'  cf  GaAs  laser-beam  pattern  on 
cardboard  positioned  at  1.0  m.  from  laser.  (Note 
Beam  has  expanded  to  approximately  3"  x  3".) 


Another  prob?em  was  that  the  timer  control  of  the  shutter 
did  not  have  sufficiently  fine  increments.  As  a  result,  in 
this  study  a  stop  watch  and  manual  timing  had  to  be  used  for 
some  exposures,  with  duration  then  being  calculated  by  con¬ 
verting  into  time  the  total  number  of  pulses  during  the  expo¬ 
sure. 


Under  these  conditions,  a  total  of  38  monkey  eyes  were 
exposed.  Of  these  eyes,  20  had  seven  to  ten  exposures  at 
40  pps  and  also  two  exposures  at  1,000  pps.  Ten  eyes  were 
exposed  to  1,000  pps  only.  All  of  these  exposures  were  at 
1.4  m.  In  addition,  8  eyes  were  exposed  to  40  pps  at  1.0  m. 

All  of  the  exposures  were  placed  on  the  temporal  paramacular 
area  of  the  retinae  of  the  anesthetized  monkeys.  The  criterion 
used  was  an  ophthalmoscopically  visible  lesion  observable  with¬ 
in  one  hour. 

The  "up-and-down"  method,  used  for  the  40  pps  exposures, 
consists  of  determining  a  tentative  threshold  and  standard 
deviation  with  preliminary  exposures.  These  tentative  thresh¬ 
olds,  expressed  in  seconds,  were  used  as  starting  points. 
Subsequent  exposures  were  1  S.D.  higher  or  lower,  depending 
upon  whether  or  not  a  lesion  was  observed.  This  up-and-down 
procedure  was  continued  for  all  40  pps  exposures  on  an  individ¬ 
ual  eye.  While  this  method  would  also  have  been  preferable 
for  the  1,000  pps  exposures,  it  could  not  be  properly  utilized 
because  of  the  lack  of  sufficiently  fine  timer  increments.  By 
use  of  manual  timing,  attempts  were  made  to  keep  the  pulses 
per  exposure  near  the  tentative  mean  established  by  preliminary 
exposures  at  this  PRF. 


III.  RESULTS 

The  results  of  this  study  are  shown  in  table  II.  The 
first  column  lists  the  PRFs;  the  second  gives  the  distances 
from  the  laser  aperture  to  the  eye;  and  the  third  indicates 
the  number  of  eyes  exposed  under  each  condition.  In  the  fourth 
column,  the  ED-50  values  and  their  respective  95%  confidence 
limits  are  the  total  exposure  duration  values  expressed  in 
seconds.  This  value  represents  the  50%  probability  point  for 
lesion  production.  The  analyses  used  to  obtain  these  values 
were  performed  in  log  units  to  be  consistent  with  previous 
reporting  techniques.  The  40  pps  data  obtained  by  the  up-and- 
down  method  were  analyzed  in  time  required  to  produce  a  lesion; 
but  the  1,000  pps  data  were  analyzed  by  number  of  pulses  re¬ 
quired  to  produce  a  lesion,  and  then  converted  to  time  by  using 
the  factor  of  972  pps.  The  latter  conversion  was  used  because 
of  the  difficulty  in  determining  sufficiently  precise  incre¬ 
ments  in  time  at  the  1,000  pps  setting.  The  midpoint — of  the 
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average  pulses  with  no  lesions  and  the  average  pulses  with 
lesions  in  each  eye — was  used  as  an  estimate  of  the  sensi¬ 
tivity  levels. 


TABLE  II 

Total  exposure  duration  as  a  criterion  for 
the  determination  of  ED-50  values 


PRFs 

(pps) 

Distance  ! 

(meters)  l 

N 

ED- 5  O' 

"55TT7L: 

(sec 

;.) 

40 

1.4  j 

20 

22.30 

21.15-22.70 

40 

1.0  j 

8 

20.75 

20.32-21.19 

1000 

1.4 

27 

0.72 

0.71-0.73 

C.  L.  =  Confidence  limits 


The  1  m.  distance  ED-50  for  40  pps  is  significantly  lower 
at  the  0.001  level  than  the  1.4  m.  ED-50.  However,  because 
of  nonun' formity  of  the  beam,  the  cross  section  being  used  for 
exposure  may  not  have  been  the  same  when  the  laser  was  moved 
closer.  Therefore,  this  difference  should  be  viewed  with 
caution,  pending  other  verifying  studies.  The  ED-50  value  for 
1,000  pps  is  significantly  lower  than  the  corresponding  ED-50 
value  for  40  pps. 

In  addition  to  the  foregoing  ED-50  determination,  the 
ED-50  were  also  expressed  in  total  number  of  pulses  per  expo¬ 
sure  (table  III) . 

In  the  same  manner,  table  IV  indicates  the  total  energy 
per  exposure  ED-50  required  to  produce  a  lesion.  It  must  be 
stressed  that  the  values  in  this  table  are  energy  per  exposure 
(not  energy  per  pulse,  the  form  typically  used  for  represent- 
ing  repetitive  pulse  ED-50' s). 

It  should  be  noted  that  17  of  the  20  eyes  with  only  two 
exposures  at  1,000  pps  had  one  '‘burn"  and  one  "no-burn"  and 
could  be  used  in  the  analysis.  Since  the  estimates  of  the 
sensitivity  levels  would  be  more  variable  on  these  eyes  with 
only  two  exposures  than  on  the  other  set  of  10  eyes  with  ten 
exposures  per  eye,  the  ED-50  was  estimated  as  the  weighted 
average  of  the  estimates  from  both  sets  of  data. 
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TABLE  III 

Total  nnaber  o£  pulses  as  a  criterion  for  tfos 
determination  o £  ED-56  “ 


PRES 

(pps) 

Distance 
(meters)  j 

— c.l: - 

H 

1  (pulses) 

40 

1.4 

20 

! 

1  892 

846-908 

40 

o 

• 

H 

8 

li 

830 

813-r848 

1000 

: 

1.4 

27 

701 

688-713 

C.  L.  =  Confidence  ‘limits 


TABLE  IV 

Total  energy  per  exposure  as  ^  criterion  for  the 
determination  of  ED-50  values 


PRFs 

Distance  ; 

)a»SM 

- C.L. - 

(pos) 

(meters) 

N 

(V3) 

40 

1.4 

20 

562 

533-572 

40 

1.0  j 

f  8 

523 

512-534 

1000 

1#  4  ! 

! 

! 

j  -  27 

1 

222 

218-226 

C.  L.  =  Confidence  limits 


IV.  CONCLUSIONS 

1.  The  results  of  this  study  support  the  contention  that 
a  cumulative  effect  occurs  as  the  pulse  rate  increases.  It 
has  been  shown  that,  with  the  gallium  arsenide  laser,  the 
threshold  time  for  damage  to  occur  was  lower  for  1,000  pps 
than  for  40  pps.  This  conclusion  is  based  on  the  fact  that 
less  total  exposure  time  and  fewer  pulses,  even  though  the 
individual  pulses  have  less  energy,  are  necessary  to  create 
retinal  damage  at  the  higher  repetitive  pulse  rate  than  at 
the  lower. 

2.  The  inability  to  vary  energy  makes  it  extremely  diffi¬ 
cult  to  relate  t^e  thresholds  obtained  to  those  from  other  laser 
systems  (i.e.,  in  terms  of  energy,  these  thresholds  could  only 
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bs  expressed-  as  energy  per  exposure  rather  than  energy  per 
poise) .  '  Eopefallv,  as  the  state-of-the-art  progresses,  Gafts 
lasers  will  be  developed  tfhlch  hove  sufficient  cotpsst  to  mate 
energy  a  variable.  As  an  alternate  approach,  the  possibility 
of  osixag  other  lasers  at  the  Gafts  ^velengths  should  be 
pursued. 

3_  Tee  problems  of  wi de-beam  divergence  and  znaltiouLe 
source  arrays  also  stake  threshold  determinations  and  extxa- 
oo  la  tiers  difficult.  Ideally,  a  well  collimated  single-diode 
Gafts  laser  should  be  used;  bet  this  is  presently  beyond  the 
state-of-the-art . 


4.  The  threshold  values  determined  for  this  specific  laser 
vers  used  for  Safe  Eye  Exposure  ^.stance  (SEED)  calculations 
which*  permittee  the  laser  to  be  rer^  '-tested  - 

5.  Obviously,  more  work  is  necessary  a*.  this  area. 
Specifically  needed  are  thresholds  which  can  be  m_l?  i zed  for 
deten lining  PEI.  applicable  to  all  Gafts  laser  systems, 

data  »ill  be  obtained  as  soon  as  the  status  of  laser  develop¬ 
ment  Jeraits; 
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